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Abstract. As a greater desire for real-time modeling of infield, machine interactions increases it 
becomes important to develop models for some of the previously ignored mechanical systems.  In 
addition, development of system models can reveal opportunities for performance improvement and 
innovation. A practical approach to modeling was exercised in developing a representative model of 
a biomass unloading system.  The system consisted of a forage harvester spout with three degrees of 
freedom:  rotate (clockwise and counter-clockwise), tilt, and flap.  These allow for ease of material 
placement by the operator but add a level of difficulty to the modeling process.  Practical, in this 
case, means taking machine data and using that data to determine appropriate model form and 
corresponding coefficients; typically this method is called empirical modeling.  The resulting model 
developed for the spout founded upon empirical modeling techniques exemplifies an accurate 
representation of a true physical system. 
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Introduction 
Modeling of mechanical systems is a common practice used to better understand a system, 
predict performance, and develop controls.  Using a classical modeling approach often results in 
performance that is not representative of the actual machine; in addition, determining system 
parameters of a system for which the designs and specifications are unavailable is a challenge.  
One approach which addresses these issues is empirical modeling, modeling based on real 
machine data.  The intent of this project is to demonstrate the benefits of an empirical modeling 
approach and finish development of a useable plant model of a biomass spout; the spout 
modeled was off of a John Deere forage harvester (see Figure 1). 
 
Figure 1.  John Deere 7500 Forage Harvester 
The empirical modeling process included five steps: 
1.  Calibrate the system 
2.  Acquire dynamic data sets representative of system operation 
3.  Analyze the data sets for system characteristics 
4.  Develop the model from the system characterization 
5.  If using the model for controls development, implement the model as a plant in the applicable 
software package 
There are multiple benefits to empirical modeling.  Empirical modeling can be completed with 
limited resources and time and is feasible without knowledge of the system design and 
specifications.  Empirical modeling captures kinematic (speed/flow limited) and dynamic 
(force/torque limited) performance.  Interactions often overlooked in classical modeling will be 
captured by the data.  Also, phenomena unique to the machine (unpredictable response 
characteristics) will be captured; this can greatly improve the ability to design controls for the 
specific machine and provide insight into the variability present among other similar machines. 
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The spout modeled for this project was off of a John Deere 7500 forage harvester.  The 
biomass spout has three modes of actuation which must each have a representative model:  the 
rotation, tilt, and flap systems (see Figure 2). These degrees of freedom are actuated by a 
hydraulic motor, hydraulic cylinder, and linear actuator respectively.  It was desired to use 
Simulink for the plant model development.  Some methods of implementation and testing will be 
discussed below.  The Vehicle Network Toolbox block-set in conjunction with Vector CANalyzer 
and CANcaseXL board were used in place of a control function to test the performance of the 
plant. 
    
Figure 2.  Rotate, Tilt, and Flap Actuators (from left to right) 
Materials and Methods 
Materials 
A Vector CANcaseXL in conjunction with Vector CANalyzer was used to acquire the sensor 
data and actuation commands off of the CANbus during calibration and acquisition of dynamic 
data. 
    
Figure 3.  Vector CANcaseXL and Vector CANalyzer (left to right) 
A long, flexible tape measure was used to take the manual measurements during calibration. 
Microsoft Excel was used to process all of the calibration and dynamic data sets. 
The plant model was developed in Simulink.  Using the Vehicle Network Toolbox allowed the 
model to receive command messages over the CANbus which were sent from Vector 
CANalyzer.  These commands were used to test the plant without a control function. 
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Figure 4.  Example Simulink model containing Vehicle Network Toolbox blocks 
Rotation Calibration Method 
In the empirical modeling process, calibration is required to relate the sensor signals to physical 
dimensions.  Each mode of actuation had a rotary potentiometer which output an analogue 
voltage to an ECU which then converted that to an integer value with units of 0.01V and 
transmitted those values on the CANbus. 
The nominal minimum and maximum angles (-100 and +100 degrees) were known for the 
rotation of the spout.  To verify a linear relationship between the sensor voltage and spout 
rotation angle, voltages were taken at -100, -50, 0, 50 and 100 degrees.  To determine where -
50 and 50 degrees were located, the law of cosines (see Equation 1) was used to calculate the 
length of the tape measure at those angles.  The effective radius of rotation and the offset 
between the fixed end of the tape and the axis of rotation were known.  The tape length at +-50 
degrees was 17.3 feet for an effective radius of 146.5 inches and offset of (10.2 feet + 146.5 
inches). 
Equation1:    
Figure 5 shows the rotation calibration procedure in progress.  A plum-bob was hung from the 
end of the spout.  The tape measure was staked at a fixed location behind the machine.  The 0-
degree spout location is considered to be when the spout is pointed straight back relative to the 
forage harvester.  An overlay of the triangle related by the law of cosines is provided (where the 
triangle is lying flush with the ground).  The angle highlighted in orange is the angle of rotation. 
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Figure 5.  Rotation Calibration Procedure 
The spout does rotate on a slight incline (approx. 7 degrees); ignoring the incline causes an 
increasing error in the tape measurement (in the horizontal plane) as the angle of rotation gets 
farther away from 0 degrees.  The angular error at +-100 degrees can be calculated by 
subtracting the calculated angle at that tape length from the nominal maximum angle.  The error 
was found to be about -2.4 degrees; this value also includes the human measurement error and 
was within the expected range for this method and application. 
Tilt Calibration Method 
The nominal maximum angle for tilt was not known and tape measurements and corresponding 
voltages were recorded at more points in the range of motion.  The measurements were 
replicated in the upward and downward motion to ensure any possible hysteresis would be 
discovered (a common phenomenon which is difficult to capture through exclusively theoretical 
modeling techniques).  The calibration was found to be linear because the sensor is mounted 
concentric to the tilt axis (see Figure 6). 
 
Figure 6.  Tilt Sensor 
 6 
The triangle related by the law of cosines is overlaid in Figure 7.  The blue arc represents the 
angle of tilt.  The solid red lines were fixed distances throughout the calibration.  The tape 
measurement was variable and is represented by the dotted line. 
 
 
Figure 7.  Tilt Calibration Depiction 
Flap Calibration Method 
The flap calibration was done using a similar method to the tilt calibration.  The difference is that 
the flap is jointed so two representative triangles (sharing a side and two vertices) were used.  
Figure 8 shows them overlaid.  Again the blue arcs represent angles of concern, red lines 
represent fixed distances, and dotted lines represent measurements with the tape. 
 
 
Figure 8.  Flap Geometry 
Dynamic Data Acquisition Method 
After acquiring the calibration data, dynamic data sets were acquired.  For each mode of 
actuation, replicated motions were completed which are representative of those possible during 
operation of the machine.  During acquisition the commands and sensor values were logged.  
Commands and sensor values were available at 50hz and 10hz from the CANbus respectively.  
CANalyzer records the data and saves it in the ASCII format.  For rotation, tilt, and flap 
actuations full-range motions and short nudges were completed in both of the possible 
directions to ensure comprehensive data would be available for analysis. 
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Dynamic Data Analysis & Model Selection Methods 
Microsoft Excel was used to organize and plot the data.  The CANbus data is recorded in a first-
in-first-out format; the data needed to first be separated by ID.  Specific bytes of each message 
represented the data corresponding to the appropriate sensor voltage and command for the 
test; the sensor voltage was converted to an absolute angle relative to the initial condition using 
the calibration functions.  The actuation commands were scaled up to be more visible (of 
greater magnitude) on the plots.  After the data was plotted (Angle & Scaled Command vs. 
Time), meaningful information became available. 
The start lag, angular velocity, stop lag, and overshoot for each direction of the three modes of 
actuation were determined.  Start lag is defined as the time between when the actuation 
command changes (increases from ‘0’) and when the angle of the respective mode of actuation 
begins to change.  Angular velocity is determined by cutting out the zero-velocity data and fitting 
a line; the slope of the line is the angular velocity.  The stop lag is the time between when the 
command becomes ‘0’ and when the angle of the respective mode of actuation stops changing 
in the previously commanded direction of motion.  Overshoot is defined as the angle change 
past the steady-state angle for a given change in command from “move” to “don’t move”.  In 
Figure 9, start and stop lags are surrounded by red brackets, the angular velocity corresponds 
to the slope of the dotted gold line, and the red circle surrounds a small overshoot. 
 
Figure 9.  Representative Characteristics 
Plant Model Implementation and Testing Methods in Simulink 
MathWorks Simulink software was used to implement a plant model.  The model was tested 
using hardware-in-the-loop methods.  A Vector CANcaseXL, Vector CANalyzer, and Simulink 
Vehicle Network Toolbox (VNT) enabled CANbus communication directly with the model.  The 
model was implemented with only fixed-point integer math to allow for integration with other 
fixed-point software.  Values were scaled up (operations were done in smaller units) to improve 
the resolution and accuracy of the math. 
The model represents the start and stop lags as well as the angular velocities for each mode of 
actuation.  Actuation command messages were sent from CANalyzer and received by VNT 
blocks in the model.  The response of the model was recorded and compared to the response of 
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the actual machine.  Each time the model increments, the angle of each mode of actuation 
changes by the given angular velocity multiplied by the task period.  If a change in actuation 
command occurs, the appropriate lag is used to prevent model response for (lag/task period) 
model calls.  The mechanical hard-stops at the minimum and maximum angles are coded in to 
prevent simulated actuation outside the true range of the machine. 
There is a tradeoff between model accuracy and computation time when selecting the internal 
step size of the model.  The step size must be small enough to allow for an accurate 
representation of the smallest characteristic lag time.  Selecting a smaller step size will 
unnecessarily increase computational time.  Also, understand how the model step size is scaled 
relative to the rate at which the function is called; to avoid scaling, it is possible to use a model 
step size equal to the time required for the function to run. 
Results and Discussion 
Rotation Calibration 
The relationship between swing (aka rotation) voltages and angle is linear (see Figure 10).  In 
addition, the relationship is the same for both voltages.  The swing angle range is -100 to +100 
degrees.  The cumulative swing voltage range is 0V to 19V. 
 
Figure 10.  Rotation Calibration and Fit Line 
The greatest challenge in determining the rotation calibration was that the sensor values 
wrapped at five different angles each.  The voltage range was determined to be 0.5V to 4.4V.  
Figure 11 shows the sensor signals over a full rotation.  Figure 12 shows a diagram depicting 
the wrap locations throughout the range of motion.  To account for the wrapping, the location of 
each wrap was determined and a running total voltage change was calculated for each 
actuation. 
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Figure 11.  Sensor Voltage Wrapping 
 
Figure 12.  Depiction of Sensor Voltage Wrap 
Tilt Calibration 
The calibration between sensor voltage and tilt angle is linear.  Figure 13 shows the plotted 
calibration data and fit line.  The tilt angle range is approximately 0 to 24 degrees (0 degree 
location is when the spout is at the minimum tilt angle, down as far as possible). 
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Figure 13.  Tilt Calibration and Fit Line 
Flap Calibration 
The relationship between voltage and total flap-tip angle change relative to the main spout is 
linear (see Figure 14).  However, the relationship is different for upward and downward motions; 
this is because a slot of the sensor linkage is oversized relative to the bolt (see Figure 15). 
 
Figure 14.  Flap Calibrations and Fit Lines 
 
Figure 15.  Sensor Linkage 
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Dynamic Response & Descriptive Characteristics for Each System 
For each mode of actuation, data was taken over the full range of motion in both possible 
directions.  In addition, short actuations (aka nudges) were also recorded (see Figure 19).  The 
start lag and angular velocities of each mode were extracted from the full-range-of-motion data.  
Values for stop lag and overshoot were pulled from the short-actuation data. 
As opposed to theoretical modeling which is reliant on a representation of both kinematic and 
dynamic properties (inertias, damping, and spring coefficients) in characterizing the system, 
empirical modeling takes a more direct approach in characterizing a system by looking directly 
at component responses. Collection of velocity (the dynamic property of interest) profiles over 
the extent of travel for both short and long actuations creates a comprehensive view of true 
system response to plausible inputs. 
A total of 27 data sets were processed.  Six values for each characteristic were recorded to 
calculate the average and standard deviation.  If the values of a given statistic were judged to 
be negligibly different for each direction of motion, then the total average was used in the model; 
otherwise, the average for the specific direction of motion was selected. 
Figure 16 shows a step response for clockwise spout rotation.  The red line is the command and 
the blue line is spout angle.  The jump in command magnitude is a “rotate fast” request; the 
machine used for testing did not respond to that signal so it will not be discussed further. 
 
Figure 16.  Full Clockwise Rotation (determine start lag) 
Figure 17 shows a select data range used to determine clockwise angular velocity.  There was a 
deviation from the data near the limits of rotation.  Figure 18 shows an analogous plot for 
counter-clockwise rotation; however, the same deviation near the limits of rotation is not 
present.  The other clockwise and counter-clockwise data revealed the same trend.  The 
difference in performance between the two directions of rotation was unexpected and cannot be 
explained by examining the system; the same actuator is used for each direction of rotation, so 
there must be an anomaly in the clockwise direction.  This is a phenomenon that would not be 
captured by classical modeling practices. 
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Figure 17.  Processed Clockwise Rotation to Determine Angular Velocity 
 
Figure 18.  Processed Counter Clockwise Rotation to Determine Angular Velocity 
 
Figure 19.  Short Actuation Plot (used to determine stop lags and overshoot) 
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Figures 20 and 21 show multiple, full-range tilt and flap actuations.  The short actuations were 
plotted similar to the rotation plot in Figure 19 but are not provided here. 
 
Figure 20.  Multiple Up-Down Tilt Profiles 
 
Figure 21.  Multiple Up-Down Flap Profiles 
Figure 22 contains the summary data for all modes of actuation.  The data is broken down by 
direction of motion; six samples were analyzed in each direction of motion for all three modes of 
actuation.  The data highlighted in green were values used in the Simulink plant model.  The 
data was consistent over all characteristics except overshoot.  In the short actuation plots, it was 
observed that overshoot was highly variable. 
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Figure 22.  Summary Data 
Simulink Plant Implementation & Validation 
The plant model (red block in Figure 23) accurately represents the selected characteristics of 
the forage harvester spout actuations.  The angular velocities are accurate to within a tenth of a 
degree per second and the lag times have a resolution of 0.01 seconds.  The model has been 
robust during the repeated testing. 
 
Figure 23.  Simulink Model 
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Further comparison of model performance to true machine performance was completed by 
using the CAN traces of machine commands as inputs to the model.  The model response was 
plotted against the true machine response.  Figure 24 shows a response comparison for a full 
clockwise rotation of the spout.  The simulated response (green line) directly follows the 
machine response (blue line) given the same command input (red line). 
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Figure 24.  Clockwise Rotation Response Comparison 
Figure 25 represents a more challenging case for comparison; still the model response is very 
similar to the machine response.  Due to the large number of short actuations, error does 
accumulate over time.  However, this functionality will still allow for bang-bang controls 
development and a maximum error of only 7 degrees was observed. 
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Figure 25.  Short Actuation Response Comparison 
Applications 
During the bulk biomass harvest, it was difficult to direct the material flow from the spout while 
maintaining normal corn-harvest speeds; this presented itself as a good modeling and controls 
project.  The forage harvester spout was used as a synonymous system to the bulk biomass 
harvest attachment shown in Figure 26.  This was done because the forage harvester spout 
was completely instrumented with data available directly from the CANbus; otherwise the two 
systems are identical. 
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The system characterization from which this model was derived provides insight into the 
performance potential of a bang-bang control system; this is also useful for evaluating the 
potential for improvement through the implementation of more advanced control functions, such 
as proportional control.  In addition, the model can be used to evaluate bang-bang control 
functions or decision logic associated with spout placement. 
In the context of material placement with the harvester spout, fine control is a challenge; the 
various modes of actuation move at relatively high angular velocities with significant lag times 
associated with starting and stopping motion.  Using bang-bang control, this directly relates to 
the resolution of control possible around a desired spout position; conservative calculations for a 
typical forage harvest configuration suggest +1 foot of error in the material delivery location.  For 
placing biomass or forage, fine control is required due to the sensitive relationship between 
material placement and spout position. 
 
Figure 26.  Biomass Harvest at Iowa State University 
Conclusion 
The results of the project indicate that empirical modeling can be a fast and accurate method for 
determining appropriate plant performance.  The methods and materials can be applied to a 
wide range of systems. 
The empirical modeling process used includes five steps: 
1. Calibrate the system 
2. Acquire dynamic data sets representative of system operation 
3. Analyze the data sets for system characteristics 
4. Develop the model from the system characterization 
5. Implement the model as a plant in the applicable software package 
If theoretical/classical modeling has already been completed for a system, this type of system 
characterization and modeling work can be a good comparison and benchmarking tool.  
Additional applications for modeling of agricultural systems will continue to arise and detailed 
system parameters will not always be available; instrumentation and testing to acquire an 
empirical model is a good alternative to the classical approach. 
Hardware-in-the-loop testing is a highly effective way to determine whether the model is 
functioning as intended.  CANbus communication is robust and standardized; simulation using 
recorded machine commands can be done to compare the model response to the true machine 
response and validate performance. 
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